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Abstract
In cultured cells of Californian poppy formation of benzophenanthridine alkaloids can be triggered by a yeast elicitor
preparation independently of the hypersensitive reaction. A plasma membrane (PM) bound phospholipase A (PLA) is likely
to play a role in the signalling process: PLA activity was detectable in individual cells, cell suspensions and PM vesicles with
the fluorogenic phospholipid bis-BODIPY FL C11-PC and was sensitive to known inhibitors of PLA2. In microscopic assays,
enzyme activity increased after elicitor contact of cells that were pretreated with non-saturating concentrations of PLA2
inhibitors. In PM vesicles a PLA2-like protein as well as GK- and GL-proteins were detected immunologically. Anti-GK or
anti-GL antisera or mastoparan stimulated PLA activity thus indicating a G-protein-controlled enzyme. Elicitation of
alkaloid production was sensitive to aristolochic acid and enhanced by PLA2 products such as lysophosphatidylcholine and
linolenic acid. Pretreatment of the cells with the artificial electron acceptors hexabromoiridate(V) or ferricyanide(III)
reversibly abolished the effect of subsequent elicitation and reduced the activity of PLA both in intact cells and in PM
vesicles. It appears, therefore, that PLA2 is a point of interference of redox control with the signal path. ß 1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction
The plasma membrane of plant cells harbours pro-
tein components that play essential roles in the elic-
itation of the complex response of plants to patho-
gens. Receptor proteins that bind microbial elicitors
may generate signals that are transmitted to the sites
of gene expression via di¡erent components as ion
channels, G-proteins, phospholipases and others.
While individual members of putative signal chains
have been identi¢ed in di¡erent plants ^ frequently
because of homologies to proteins from animal cells
^ their mode of functioning in the course of signal
transduction remains a matter of debate [1^3].
0167-4889 / 99 / $ ^ see front matter ß 1999 Elsevier Science B.V. All rights reserved.
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Further, redox systems are located in the plasma
membrane that carry electrons from intracellular do-
nors to external acceptors [4,5]. Among them, much
attention has been paid to the characterization of a
NADPH oxidase (oxidative burst oxidase) that pro-
duces reactive oxygen species and shows close resem-
blance to the enzyme complex of animal neutrophil
cells [6,7]. Besides the generation of reactive oxygen,
electron transfer at the plasma membrane controls
the redox state of membrane proteins and thus can
severely in£uence their signal functions. This aspect
is now gaining importance in animal cell biology [8]
and has been reported to be involved in the detox-
i¢cation of fungal toxins [9], but has not yet attracted
the interest of many plant physiologists. Similarly,
the consequences for metabolic regulation and cellu-
lar signalling that arise from shifts of the redox equi-
librium of intracellular donors like ascorbate, GSH,
etc. are scarcely investigated in plant cells. [10,11].
The present paper provides an example of a de-
fense reaction of plant cells that can be triggered
independently of an oxidative burst but depends on
a redox sensitive element of the plasma membrane.
Cultured cells of Eschscholtzia californica respond to
fungal elicitors with the biosynthesis of benzophen-
anthridine alkaloids [12] that are potent phytoalexins
[13]. We have shown earlier that alkaloid biosyn-
thesis is evoked at elicitor concentrations that are
below the threshold required for those reactions
that are associated with the hypersensitive response,
i.e. generation of H2O2, loss of K, the alkalinization
of the outer medium, formation of phenolic substan-
ces (browning) and ¢nally cell death. Even at higher
elicitor concentrations the browning reaction can be
prevented if catalase is present together with the elic-
itor, whereas alkaloid formation proceeds unchanged
[14]. Hence, the induction of the phytoalexin re-
sponse in Eschscholtzia cells follows an individual
signal path that does not involve the formation of
H2O2 or related reactive oxygen species which are
well established intermediate signals of the hypersen-
sitive response [6]. The elicitor-triggered increase of
alkaloid content has been shown to require a transi-
ent decrease of the cytoplasmic pH that is brought
about via the e¥ux of vacuolar protons. Arti¢cial
acidi¢cation of the cytoplasm by permeable acids
triggers alkaloid formation but no hypersensitive re-
action; depletion of the vacuolar proton pool abol-
ishes the elicitation of alkaloid formation [14]. It is
not known how the elicitor signal is received at the
plasma membrane and transmitted to the vacuole.
The present paper describes the ¢rst attempts to elu-
cidate the structure and regulatory properties of the
putative signal path.
An interesting candidate to be checked for a puta-
tive role in the triggering of alkaloid biosynthesis is
phospholipase A2. The activity of this enzyme was
found to increase in some plant tissues and cultured
cells after challenge with microbial pathogens, e.g. in
soybean cells after contact with elicitors from Verti-
cillium dahliae or Erwinia amylovora (but not with
oligogalacturonides [15]) or in the host/pathogen sys-
tems Solanum/Phythophthora infestans [16], Nicoti-
ana/Phythophthora parasitica [17] and Oryza/Xantho-
monas oryzae [18]. The close analogy of the synthesis
of octadecanoids in plants with the PLA2-mediated
production of prostaglandins and leukotrienes in
mammalian cells [19,20] might suggest a similar
role for this enzyme in the ¢eld of lipid-derived signal
molecules in plant cells.
In cultured cells of Eschscholtzia an activation of
PLA has been suggested from an increase in linolenic
acid content observed after treatment with (relatively
high concentrations of) yeast elicitor [21]. However,
as in all these cases elicitation led to an oxidative
burst, the question remained whether the selective
elicitation of phytoalexin biosynthesis shown in our
aforementioned experiments likewise involves PLA
activity. This point becomes even more interesting
as linolenic acid, i.e. one of the abundant products
of PLA activity in plant cells, is the precursor of
jasmonate and related octadecanoids that act as in-
ducers of benzophenanthridine alkaloid production
in Eschscholtzia and related species [12,21].
2. Materials and methods
2.1. Plant cell cultures
Suspension cultures of E. californica were grown in
a medium according to Linsmaier and Skoog [22]
with the hormones 2,4-dichlorophenoxyacetic acid
and K-naphthalene acetic acid (1 WM each). Cultiva-
tion was performed on a gyratory shaker (100 rpm)
at 24‡C in continuous light (ca. 7 Wmol/m2/s) in a
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9-days growth cycle. Cells from 6- or 7-day cultures
were used for all experiments.
2.2. Cell fractionation and preparation of plasma
membrane vesicles
After 7 days of growth cells were harvested by
suction ¢ltration, immediately frozen in liquid nitro-
gen and stored at 380‡C. The frozen material from
10 g fresh weight was mixed with 2^3 volumes of dry
ice and homogenized in the frozen state in a cell mill
(Fa. Retsch) at 15 000 rpm for about 5 min. The
broken cell material was stirred in bu¡er A (50
mM MOPS-K, pH 7.5, 330 mM sucrose, 5 mM as-
corbic acid, 5 mM DTE and 0.2% BSA) until com-
plete thawing and then treated with a glass homog-
enizer at 4‡C for about 5 min. The cell homogenate
was fractionated by 3 centrifugations at 4‡C (each
performed with the supernatant obtained at the pre-
vious step): 500Ug, 30 min; 13 000Ug, 12 min;
60 000Ug, 60 min (Beckman Ti-70 angle rotor).
The last pellet was resuspended in bu¡er B (5 mM
Na/K-phosphate pH 7.8, 5 mM KCl, 330 mM be-
taine, 0.1 mM EDTA, 0.5 mM PMSF) and subjected
to a two phase polymer distribution according to
Larsson and Widdell [23] with sucrose replaced by
betaine (sucrose reacts with the experimental electron
acceptor hexabromoiridate); 6.3% (w/w) PEG, 6.3%
(w/w) dextran T 500, 330 mM betaine, Na/K-phos-
phate 5 mM pH 7.8. The plasma membrane vesicles
enriched in the upper phase were pelleted by centri-
fugation at 50 000Ug for 1 h at 4‡C and resuspended
in bu¡er B.
2.3. Marker enzyme activities
Marker enzyme activities of the crude homoge-
nate, the microsomal membranes and the puri¢ed
plasma membrane vesicles were assayed essentially
as described elsewhere [43]. An overview of selected
marker enzyme activities of a typical preparation is
given in Table 1. They indicate that the vesicles con-
tain around 10% of ER membranes as main contam-
inant.
2.4. Determination of benzophenanthridine alkaloids
1 ml cell suspension was mixed with 1 ml EtOH
96% (v/v) containing 1% HCl, extracted for 30 min at
40‡C and then centrifuged at 6000Ug for 10 min. In
the supernatant the alkaloids were determined by
reading the £uorescence (Vex = 460 nm, Vem = 570
nm). Fluorescence intensities were converted into al-
kaloid concentrations via calibration curves obtained
with the benzophenanthridine alkaloid sanguinarine
dissolved in an analogous mixture of culture liquid,
EtOH and HCl. The method was validated by HPLC
of test extracts as described elsewhere [14].
2.5. Elicitor preparation
A glycoprotein fraction was prepared from com-
Table 1
Activities of marker enzymes of subcellular fractions obtained during plasma membrane isolation
Enzyme Activity (pkat/mg protein)
Cell homogenate Microsomal pellet Plasma membrane preparation
NAD(P)H-cytochrome c oxidoreductase (ER) 280 168 10
K-Mannosidase (vacuole) 105 29 2
Malate dehydrogenase (mitochondria) 200 16 0
ATPase, total activity 8500 3000 4500
ATPase, erythrosin B-sensitive (plasma membrane) N.D. 600 3960
Latency of total ATPasea N.D. 30% 85%
aDi¡erence of activities (a) before and (b) after addition of 0.01% Brij 58, given as percent of (b). The organelles whose presence is as-
sumed to be represented by the measured enzyme activity are given in parenthesis. In the case of K-mannosidase it was shown that
tonoplast vesicles isolated from the same cell culture contained around 85% of the enzyme activity found in the crude homogenate.
Malate dehydrogenase was used as a mitochondrial marker as it copuri¢ed with cytochrome c oxidase in the 13 000Ug pellet. A small
part (around 1%) of total activity was found in the supernatant of the 60 000Ug centrifugation. N.D., not determined.
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mercial baker’s yeast (DHW ‘Gold’) as described
previously [14]. The precipitated product was lyophi-
lized, dissolved in water and fractionated by ultra-
¢ltration (Centricon centrifuge tubes). The greater
part of the alkaloid-stimulating activity (s 60%) ap-
peared in the cuto¡-range between 30 and 100 kDa,
i.e. in the supernatant of a 30 kDa ¢ltration per-
formed with a 100 kDa ultra¢ltrate. This fraction
was washed twice with the original volume of water,
diluted to the same volume and ¢lter sterilized. Elic-
itor concentrations given in the text refer to the dry
weight of the crude elicitor preparation.
2.6. Assays of PLA activity
Whole cells: after 6^8 days of growth cells were
harvested by ¢ltering through a nylon mesh of 50 Wm
square pore size, washed with fresh, phosphate-free
culture liquid and resuspended in the same medium
(about 4 mg dwt/ml). The £uorogenic substrate bis-
BODIPY FL C11-PC (Molecular Probes) was added
from a 1 mM stock solution in DMSO to a ¢nal
concentration of 10 WM (DMSO v1%). For micro-
scopic measurements 10 Wl of cell suspension were
spotted onto a nylon mesh of 150 Wm square pore
size and covered with gas permeable biofoil (Her-
aeus). Filters were selected for Vex = 490 þ 10 nm
and Vem6 520 nm. Fluorescence images were cap-
tured and digitalized with a SONY DXC video cam-
era connected to a computerized OPTIMAS 5 image
analysis system which allows to quantify £uorescence
intensity at distinct areas. Spectro£uorimetric meas-
urements in cell suspensions were performed at
Vex = 485 þ 3 nm and Vem = 515 þ 5 nm in a quartz
cuvette under gentle stirring. Plasma membrane
vesicles: 10 Wl of vesicle suspension (containing 26
Wg protein/ml) were mixed with 80 Wl of vesicle bu¡er
(5 mM K-phosphate, pH 7.8, 330 mM betaine, 5 mM
KCl, 0.1 mM EDTA) and 10 Wl BPC solution in
DMSO (¢nal concentration 10 WM, DMSO 91%)
and stirred in a quartz cuvette. Fluorescence was
recorded as noted before.
2.7. Thin layer chromatography of PLA reaction
products
Plasma membrane vesicle preparations were incu-
bated with BCP as described above (100 Wl total
volume). After the desired incubation period 300 Wl
of chloroform/methanol 1:2 (v/v) was added and the
mixture shaken for 5 min. After addition of another
100 Wl chloroform and 100 Wl 150 mM NaCl, fol-
lowed by 5 min incubation at room temperature
two phases separated. 6 Wl of the lower phase were
spotted on silica 60 TLC glass plates (Merck) and the
chromatogram was developed with a mobile phase
consisting of chloroform/methanol/water/acetone
(13.3/13.5/3.0/0.3 volumes). After drying on air the
maximum £uorescence of the peaks was quanti¢ed
on a STORM 860 Densitometer (Molecular Dynam-
ics) equipped with the ImageQuant software. The Rf
values of the main peaks (identi¢ed with authentic
samples) were as follows: BPC (unprocessed sub-
strate) 0.26, lysophosphatidylcholine 0.107, fatty
acids 0.786.
2.8. Gel electrophoresis
Proteins from subcellular fractions were separated
by SDS-PAGE on slab gels containing 12% acryl-
amide (5% stacking gels) with the discontinuous bu¡-
er system of Laemmli [24]. Each sample contained 15
Wg protein (determined according to Bradford [25]
and was run under reducing conditions (100 mM
DTT in the loading bu¡er). The Promega Mid-
Range Protein Molecular Weight Markers were
used as a reference. Electrophoresis was performed
at 110 V and gels were stained with Coomassie bril-
liant blue R-250.
2.9. Western blot analysis
Proteins separated by SDS-PAGE were transferred
onto Probind45 nitrocellulose membranes (Pharma-
cia) using a semi-dry blotting apparatus. The mem-
branes were brie£y stained with Fast Green (to allow
monitoring of the transfer e⁄ciency), then destained
in TBS (25 mM Tris-HCl, pH 7.5; 150 mM NaCl)
and blocked overnight with 5% dry milk in TBS.
After washing 3 times for 10 min each with TBS
containing 0.05% Tween 20 (TBST) blots were incu-
bated with the primary antibody for 1 h. Membranes
were then washed 3 times in TBST, incubated for 1 h
with horseradish peroxidase-conjugated goat anti-
rabbit IgG (Promega) diluted 1:3000 in TBS, washed
again 5 times in distilled water, and ¢nally incubated
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in TMB stabilized horseradish peroxidase substrate
(Promega) until su⁄cient color had developed.
2.10. Antibodies
(1) Polyclonal antisera raised against plant G-pro-
teins: anti-GK, W6: raised against recombinant GK1
C-terminal peptide from Arabidopsis thaliana (ob-
tained from P. Millner, University of Leeds) anti-
GL : raised against whole recombinant GL from Nico-
tiana tabacum (obtained from R. Oelmu«ller, Univer-
sity of Jena).
(2) Polyclonal antibody raised against PLA2 : anti-
cPLA2 : raised against a domain of human cytoplas-
mic phospholipase A2 that contains 216 N-terminal
amino acids (purchased from Santa Cruz Biotechnol-
ogy, Heidelberg).
2.11. GTP-binding assay
For 10 samples, 50 Wl of a plasma membrane
vesicle preparation (130 Wg protein) were mixed
with 2 ml of binding bu¡er (25 mM Tricine pH
7.6, 30 mM Mg acetate, 100 mM NaCl, EDTA,
DTT and ATP each 1 mM). 190 Wl aliquots received
10 Wl of elicitor solution and then 10 Wl GTPQ35S
solution (¢nal concentration 50 nM GTPQS, 0.2
WCi GTPQ35S per sample), each addition was fol-
lowed by 10 s vortex-mixing. After 30 min incuba-
tion at 28‡C the binding process was stopped by
adding 1 ml ice-cold binding bu¡er (GTPQS-free)
and the mixture was rapidly ¢ltered through nitro-
cellulose ¢lters (pore size 0.22 Wm) that were pre-
washed with 1 mM ATP in binding bu¡er. The mem-
brane-containing ¢lters were washed 5 times by rapid
suction with 1 ml ice-cold bu¡er and the radioactiv-
ity was assayed in a liquid scintillation counter.
2.12. Confocal pH topography
The method was previously described in detail [14].
In brief, cells were loaded over 2 h with the pH probe
carboxy-SNARF-1 and then spotted on gel disks
(made from phosphate-free culture liquid with 2%
agarose) which were ¢xed in a perfusion chamber
and perfused with 50% phosphate-free culture liquid.
Fluorescence images were obtained with a Leica con-
focal laser scanning microscope equipped with an
argon ion laser that was operated in dual channel
mode. Wavelength settings for SNARF were
Vex = 514 nm; Vem = 583 nm (channel 1) and s 610
nm (channel 2). Images were obtained with the Ni-
kon £uor objective 40/1.2. Signals from 8 frames
were scanned simultaneously in both channels and
the intensity ratio channel 1/channel 2 was calculated
for each pixel. pH maps were obtained by color cod-
ing these intensity ratios according to self de¢ned
lookup tables.
2.13. Reduction of hexabromoiridate(V) or
hexacyanoferrate(III)
Reduction of hexabromoiridate(V) or hexacyano-
ferrate(III) in cell suspension was followed by read-
ing the OD585 or OD400, respectively, of ¢ltrates ob-
tained by rapid suction.
3. Results and discussion
3.1. A membrane-bound phospholipase A2 is most
probably activated by elicitor contact
During incubation of cell suspensions of E. cali-
fornica with the phospholipase A £uorogenic sub-
strate bis-BODIPY FL C11-PC (BCP) an increase
of £uorescence can be detected microscopically in
individual cells (Fig. 1). The cleavage of fatty acids
from this arti¢cial phospholipid which gives rise to
£uorescence development [26] was substantiated by
TLC separation of the £uorescent products in ex-
tracts of plasma membrane vesicles or whole cells
(Fig. 1, inset). (Since both fatty acids in the BCP
molecule bear a £uorescence label, both phospholi-
pase A1 and A2 activities are detected with this sub-
strate.) The increase in £uorescence derived from
BCP was strongly reduced by structurally unrelated
inhibitors of PLA2 known to be e¡ective in animal
cells [27^29], i.e. aristolochic acid (20 WM), eicosatet-
raynoic acid (25 WM) and chlorpromazine (30 WM)
(images not shown). These data indicate an active
PLA in the cultured cells used in this study.
Addition of yeast elicitor at small, alkaloid-induc-
ing concentrations (e.g. 1 Wg/ml) did not generally
evoke an acceleration of £uorescence emission from
BCP. Nevertheless, a small but varying number (0.5^
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Fig. 2. Microscopic assay of phospholipase A under the in£uence of elicitor and aristolochic acid. Cell suspensions were preincubated
with 10 WM aristolochic acid for 10 min and then incubated with 10 WM BCP at t = 0. Fluorescence images were obtained at t = 3
min (a) and t = 18 min (b). After 19 min, 1 Wg/ml yeast elicitor was added. Further images were taken after 20 min (c) and 26 min
(d). As in Fig. 1, colors were inverted into shades of grey before printing.
Fig. 1. Microscopic assay of phospholipase A in individual cells of Eschscholtzia californica. Fluorescence images obtained after 1 min
(left) and 10 min (right) of incubation with the £uorogenic substrate BCP (cf. Section 2). In order to allow a more sensitive documen-
tation of intensity di¡erences the original green-yellow color of the £uorescence emission was inverted into shades of grey. Inset: £uo-
rescence intensity of the band of lysophosphatidylcholine obtained by TLC of cell extracts that were prepared during the incubation
with BCP at the times indicated (cf. Section 2).
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3%) of cells from di¡erent batches were detectable
that reacted to elicitor contact with a signi¢cant in-
crease of £uorescence beyond the control level. In
another set of experiments the £uorescence develop-
ment in control cells was largely reduced by adding
the inhibitors aristolochic acid or ETYA together
with the substrate. In previous experiments the inhib-
itor concentrations had been optimized to avoid sat-
uration of the enzyme. Under such conditions the
subsequent administration of the yeast elicitor gave
rise to a signi¢cant increase in light emission from
most cells (Fig. 2). Fig. 3 compiles traces of £uores-
cence intensities of individual cells as monitored dur-
ing the microscopic observation in an experiment like
that shown in Fig. 2. In addition, it demonstrates
that the increase of BCP-derived £uorescence seen
after elicitor contact remained inhibitor-sensitive as
it disappeared at higher concentrations of aristolo-
chic acid (Fig. 3, lower curves).
Seen together, these data indicate that PLA activ-
ity is sensitive to elicitor contact in most cells. How-
ever, this stimulation might partially escape micro-
scopic detection as it either overlaps with a high
basal activity and/or activation of the enzyme by
other types of stress imposed during microscopy
(e.g. by light or local temperature) or as the conver-
sion rate is limited by the di¡usion of the substrate
and thus the elicitor-dependent signal does not al-
ways cause a detectable increase over the back-
ground noise. This view is supported by £uorometric
measurements in cell suspensions where after careful
adjustment of cell density and stirring velocity the
elicitor caused a 30% increase of the rate of £uores-
cence development that was sensitive to inhibition by
aristolochic acid (Fig. 4). The liberation of fatty
acids from BCP has been shown recently by TLC
of extracts from elicitor-treated parsley cell cultures
(G. Scherer, personal communication).
In our experiments, the increase of BCP-derived
£uorescence usually became apparent within 1^2
min after elicitor-cell contact. This points to a plas-
ma membrane-located rather than an intracellular
PLA as the target of elicitor-triggered stimulation.
In order to verify the presence of PLA in the plasma
membrane the conversion of the substrate was as-
sayed in vesicles prepared from this membrane by a
two phase distribution procedure. As seen in Table 2
the conversion of BCP catalyzed by PM vesicles was
sensitive towards inhibitors of PLA2 that had been
Fig. 3. Time course of conversion of the PLA-substrate BCP in
individual cells as in£uenced by aristolochic acid and yeast elici-
tor. In a microscopic experiment like that shown in Fig. 2, the
£uorescence intensity generated from BCP was quanti¢ed by
digital image analysis. Each trace represents the conversion of
the substrate in an individual cell, i.e. in a self-de¢ned region
encircling this cell. P, a, P : cells received BCP at t = 0; b, F,
8, S : cells were pretreated with 10 WM aristolochic acid for
10 min, received BCP at t = 0 and elicitor at t = 19 min (similar
to the experiment shown in Fig. 2). O, E, *, dotted lines: cells
received BCP, 50 WM aristolochic acid and elicitor at t = 0.
Fig. 4. PLA activity of cell suspensions under the in£uence of
yeast elicitor. A cell suspension (about 0.5 mg dwt/ml) stirred
in a £uorimeter cuvette was incubated with the substrate BCP
and the developing £uorescence was monitored as described in
methods. Yeast elicitor, if indicated, was added 3 min after the
substrate, i.e. within the linear phase of £uorescence increase.
Initial rates of substrate conversion were determined either at
t = 0 (addition of BCP) or at t = 3 min, i.e. after addition of
elicitor or mastoparan, respectively. (A) Control; (B) 1 Wg/ml
elicitor added to suspension A; (C) 50 WM aristolochic acid
added with the substrate; (D) elicitor added to suspension C;
(E) 4 WM mastoparan added to suspension A. Data from a typ-
ical experiment are displayed, that was repeated twice with sim-
ilar outcome. Error bars represent S.D. of repeated measure-
ments (n = 5) in the same suspension.
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shown to a¡ect PLA activity of whole cells in the
microscopic tests. Likewise, the reaction did not de-
pend on the presence of Ca2 (tested between 5 WM
and 5 mM). In the same vesicle preparation the ex-
istence of a PLA2-like protein was demonstrated by
immunological data. As shown in Fig. 5 (lanes 3 and
4), Western blots of plasma membrane proteins sep-
arated by SDS-polyacrylamide gel electrophoresis re-
vealed two protein bands (69 and 64 kDa) that cross-
react with a polyclonal antibody raised against a
long amino terminal domain of a human cytosolic
PLA2. Assuming that the 67 kDa protein detected
in the PM fraction (lane 3) really represents a
PLA2 enzyme it resembles one of the two PLA2 pro-
teins that were partially puri¢ed from Vicia faba [30]
with respect to its molecular mass (about 70 kDa,
determined by gel ¢ltration) and its insensitivity to
calcium. A protein like the antibody-reactive 64 kDa
band we found in the 100 000Ug supernatant (Fig. 5)
is not among the few plant PLA2 proteins that have
hitherto been described.
Unfortunately, the yeast elicitor had no e¡ect on
the PLA2 activity of PM vesicles whether in the pres-
ence or after preincubation with the yeast elicitor.
Thus, the elicitor-triggered stimulation of PLA2
seen with intact cells (cf. Figs. 3 and 4) is likely to
require additional components that are not present
or not active in our PM vesicle preparation. This
result is not totally unexpected as by analogy with
animal cells a fragile interaction between a stimulus-
receptor and the phospholipase can be assumed that
might be disturbed during membrane isolation [31].
To our knowledge, no evidence for an elicitor stim-
ulation of PLA in isolated plant plasma membranes
is available so far.
3.2. Hints for a control of PLA activity via
GTP-binding proteins
The activity of PLA in cell suspensions as well as
in PM vesicle preparations was clearly stimulated by
mastoparan, a known activator of heterotrimeric
Table 2
PLA activity in plasma membrane vesicles in the presence of in-
hibitors or stimulatorsa
Treatment/e¡ector Initial rate of BCP conversion
(normalized)
Control 100
Aristolochic acid, 20 WM 52
ETYA, 10 WM 48
Chlorpromazine, 15 WM 52
Chlorpromazine, 50 WM 12
Yeast elicitor, 1 Wg/ml 100
Mastoparan, 5 WM 250
Anti-GK antiserumb 161
Anti-GL antiserumb 217
Anti-IgG antiserumb;c 105
Anti-cPLA2 antiserumb 102
aE¡ectors were added to plasma membrane vesicle suspensions
together with the substrate BCP. Increases of £uorescence (in-
strument units per min) are normalized to control suspensions
without e¡ectors. S.D.: 7^11%.
b10 Wl of vesicle suspensions were preincubated with 100 Wl of
the antisera (diluted 1:200 in TBS) for 15 min, centrifuged and
the membrane pellet resuspended in vesicle bu¡er plus substrate
(cf. Section 2). The initial rate of £uorescence increase was
measured within the next 2 min. It can be concluded from par-
allel measurements of the latency of erythrosin B-sensitive ATP-
ase that the vesicles were opened by osmotic shock during the
preincubation period.
cCommercial anti-human IgG from rabbit (purchased from Sig-
ma), used as a control serum.
Fig. 5. Immunoblotting of membrane and soluble proteins of
Eschscholtzia californica. Proteins were extracted with SDS, sep-
arated by SDS-PAGE, blotted onto nitrocellulose membranes
and the blotted proteins probed with anti-G or anti-PLA2 anti-
bodies, respectively, as described in Section 2. The image com-
piles two Western blots derived from the same plasma mem-
brane preparation. Left part : detection of G-protein subunits in
the plasma membrane fraction, primary antibodies: lane 1,
anti-GK W6; lane 2, anti-GL. Right part: Detection of PLA2-
like proteins, primary antibody: anti-cPLA2. Lane 3, plasma
membrane preparation; lane 4, soluble fraction, i.e. supernatant
after 60 min centrifugation at 100 000Ug.
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GTP-binding proteins (Fig. 4E, Table 2). Micro-
scopic assays likewise indicated a strong increase of
BCP-derived £uorescence in individual cells after ad-
dition of 4 WM mastoparan (image not shown). Ac-
tivation of PLA2 by mastoparan has also been re-
ported in zucchini and sun£ower hypocotyl [32,33]
and in suspension-cultured soybean cells [15,33].
However, no de¢nite proof of PLA2-G-protein cou-
pling in plant cells could be obtained so far [28]
though the involvement of either PLA2 [15^17] or
of G-proteins [35^38] in elicitor-triggered reactions
has been implicated.
Thus, the search for an interaction of both pro-
teins remains a challenging task.
In the present experiments immunological data
were obtained that support the existence of G-pro-
teins in the plasma membrane of E. californica and
their involvement in the control of PLA activity:
First, both GK- and GL-like proteins could be de-
tected by Western blotting of plasma membrane pro-
teins following SDS polyacrylamide electrophoresis
(Fig. 5, lanes 1 and 2). The reactive antibodies
were raised against recombinant GK1-protein (C-ter-
minus) from Arabidopsis and recombinant GL-pro-
tein from Nicotiana (cf. Section 2). Two other anti-
sera, e.g. raised against a GK1-protein of Nicotiana or
of Arabidopsis showed little or no cross-reactivity.
The molecular masses of the detected protein bands
(anti-GK : 44.5, anti-GL : 41.0) match those of isolated
and cloned subunits from Arabidopsis thaliana [39] or
Zea mays [40].
Second, a short preincubation of plasma mem-
brane vesicles with either of the reactive antisera
caused a clear stimulation of PLA activity, the stron-
gest e¡ect being exerted by anti-GL (Table 2). Pre-
treatment with this antibody abolished the stimula-
tory e¡ect of mastoparan (not shown) which might
suggest competition for a common binding site. (In
suspensions of PM vesicles the PLA assay is not
limited by the availability of the substrate.)
Finally, both mastoparan and the yeast elicitor
caused a small but signi¢cant increase of binding of
radiolabeled GTPQS to plasma membrane vesicles.
The e¡ect of elicitor which is shown in Fig. 6, was
saturated by concentrations around 1 Wg/ml and in
this respect resembles the dependence of alkaloid
production on the elicitor concentration [14]. (The
decrease of GTPQS-binding at 3 Wg/ml compared to
1 Wg/ml shown in Fig. 6 cannot easily be explained at
present.)
3.3. Are PLA and G-proteins involved in the
elicitation of alkaloid biosynthesis?
Based on the above ¢ndings, experiments with cell
suspensions were performed that yielded the follow-
ing data supporting an involvement of G-protein
coupled PLA2 in the elicitation of alkaloid biosyn-
thesis (Table 3).
Table 3
E¡ects of mastoparan, inhibitors and products of phospholipase
A2 on alkaloid productiona
Treatment/e¡ector Alkaloid production
per 24 h (normalized)
Control 15
Yeast elicitor, 1 Wg/ml 100
plus aristolochic acid, 50 Wg/ml 5
Mastoparan, 2 WM 31
Mastoparan, 4 WM 68
Lysophosphatidylcholine, 10 WM 87
Linolenic acid, 10 WM 3
plus elicitor, 1 Wg/mlb 195
aE¡ectors were added to cells suspended in phosphate-free cul-
ture liquid (about 10 mg dwt/ml). Data are normalized to cor-
rect for varying e¡ects of the elicitor on alkaloid production,
100 = 210^360 Wg alkaloid/g dwt per 24 h.
bAdded 1 h before elicitor contact.
Fig. 6. Binding of GTPQ35S by a plasma membrane preparation
of Eschscholtzia californica under the in£uence of yeast elicitor.
Binding was started by incubating plasma membranes with the
labelled ligand, stopped after 30 min by adding unlabelled
GTPQS at 0‡C and the radioactivity remaining with the ¢ltered
vesicles was quanti¢ed (cf. Section 2). Error bars represent S.D.
of 8 parallel measurements from the same vesicle suspension.
The experiment was repeated with two other plasma membrane
preparations that both displayed the same tendency.
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First, putative products of PLA2, lysophosphati-
dylcholine and linolenic acid (an abundant fatty
acid of plant cell membranes [17]) signi¢cantly in£u-
enced alkaloid biosynthesis (Table 3): LPC triggered
an elicitor-like stimulation of alkaloid biosynthesis ;
linolenic acid had no direct e¡ect on alkaloid biosyn-
thesis but strongly enhanced the e¡ect of the yeast
elicitor. The latter result might indicate that the sup-
ply of the octadecanoid biosynthesis with linolenic
acid is a rate limiting step in the elicitation process.
The mechanism behind the stimulatory e¡ect of LPC
is currently under investigation.
Second, aristolochic acid at concentrations that
suppress PLA activity (Fig. 3, Table 2) abolishes
the elicitation of alkaloid biosynthesis (Table 3).
Mastoparan applied at low concentrations (1^8
Fig. 7. Laser scanning pH topography of an individual cell of Eschscholtzia californica under the in£uence of mastoparan. Cells from
a 7-day-old suspension were preloaded with SNARF, ¢xed in a perfusion chamber and used for laser scanning microscopy as de-
scribed in Section 2 and in [14]. After 10 min perfusion (during which 3 pH maps were scanned that closely resembled the upper im-
age), 4 Wg/ml mastoparan was added to the perfusion medium at t = 0. The lower image was selected from a series of 3 pH maps
scanned at 2, 4, 6.5 and 10 min that showed decreasing pH in cytoplasmic and nuclear areas and increasing pH in the vacuoles.
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WM) caused an increased rate of alkaloid biosynthe-
sis (Table 3). In the same concentration range this
peptide triggers an acidi¢cation of the cytoplasm
concomitant with a loss of H from the vacuole
(Fig. 7), whereas cytotoxic e¡ects of this compound
were observed only at concentrations s 10 WM. This
result is of special interest as previous work had
shown that a transient decrease of the cytoplasmic
pH, as evoked by elicitor treatment or arti¢cial acid-
i¢cation with butyric acid, is an essential signalling
intermediate of the elicitation pathway [14].
3.4. Redox-dependent control of elicitation
The cells of E. californica used in this study rapidly
reduced externally added heavy metal complexes as
hexacyanoferrate(III) or hexabromoiridate(V). For
instance, a cell suspension of 4 mg dwt/ml reduced
hexabromoiridate present at 500 WM with an initial
rate of about 19 nmol/min/mg dwt. As plant and
animal membranes are impermeable to these arti¢cial
electron acceptors [41] their reduction occurs at the
apoplastic side and has been shown to depend on
trans-plasmalemma transport of electrons from intra-
cellular donors to extracellular acceptors as it has
been found in many other plant cells [4,5].
After a 30 min pretreatment with either of these
oxidants addition of the yeast elicitor failed to induce
an increase of alkaloid biosynthesis (Fig. 8C,D). As
the electron acceptors were removed prior to elicitor
treatment no direct interaction of these compounds
with the elicitor molecule(s) could be responsible for
this e¡ect. (In fact, treatment with hexabromoiridate
of the 30^100 kDa elicitor fraction followed by ultra-
¢ltration caused only a negligible loss of eliciting
power.) The loss of elicitor function thus observed
was reversed during 3 h cultivation in normal culture
liquid (partial recovery was observed already within
1 h, Fig. 8G,H) but not by a 10 min incubation with
non-toxic reducing agents as glutathione or ascorbic
acid. The short-time treatment with either hexabro-
moiridate or ferricyanide did not cause cytotoxic ef-
fects as judged from the unchanged accumulation of
the viability probe 5- (and 6-) carboxy-£uorescein
diacetate (this compound is hydrolyzed by intracel-
lular esterases and stains cells with intact plasma
membrane) and an unchanged growth rate.
Concomitantly with the loss of elicitor activity the
Fig. 9. Plasma membranes isolated from hexabromoiridate
treated cells show reduced PLA activity. Seven-day-old cells
were pretreated with hexabromoiridate(V) and then washed
with betaine/citrate bu¡er as described in Fig. 8. Plasma mem-
brane vesicles prepared from these cells were assayed for PLA
activity as described in Methods. Mastoparan (10 WM) was
added 3 min after the substrate BCP. Data are initial rates of
£uorescence increase measured at t = 3 min. The experiment
shown here was repeated twice and yielded similar results. (A)
Vesicles from control cells ; (B) mastoparan added to vesicle
preparation A; (C) vesicles prepared from hexabromoiridate
treated cells ; (D) mastoparan added to vesicle preparation C.
Fig. 8. Pretreatment with hexabromoiridate(V) or ferricyanide
inhibits the elicitation of alkaloid biosynthesis. Cells from
7-day-old cultures were resuspended in citrate bu¡er (25 mM,
pH 5.5) containing 200 mM betaine and 500 WM hexabromo-
iridate(V) or 2 mM ferricyanide(III). (Culture liquid was omit-
ted as its components would reduce hexabromoiridate(V) and
replaced by betaine to compensate for the osmotic pressure.)
After 30 min the medium was changed for half concentrated,
phosphate free culture liquid that contained 1 Wg/ml yeast elici-
tor as indicated. After a further 30 min all media were replaced
by phosphate free culture liquid without elicitor. Data represent
the increase of alkaloid content of the suspensions within 24 h
after treatment with the following e¡ectors: (A) control ; (B)
elicitor: (C) elicitor after hexabromoiridate; (D) elicitor after
ferricyanide; (E) hexabromoiridate; (F) ferricyanide (G) and
(H) as (C) and (D) except that a 1 h period of incubation in
culture liquid was inserted between oxidant and elicitor treat-
ment.
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30 min incubation of the cells with arti¢cial electron
acceptors caused a strong reduction of PLA activity:
b In the microscopic assay of whole cells the cleav-
age of the £uorogenic substrate BCP was found to
be nearly totally abolished and the subsequent ad-
dition of yeast elicitor (1 Wg/ml) had no stimula-
tory e¡ect. The £uorimetric assay in cell suspen-
sions likewise reported a signi¢cant decrease of
PLA activity after hexabromoiridate treatment.
During the recovery of hexabromoiridate-treated
cells in culture liquid the basal activity of the en-
zyme remained low but showed a time-dependent
stimulation by elicitor contact thus resembling the
reversibility of the elicitor e¡ect on alkaloid for-
mation (data not shown).
b Plasma membrane vesicles prepared from intact
cells immediately after hexabromoiridate treatment
displayed a signi¢cantly reduced PLA2 activity
(Fig. 9). Obviously, this inhibitory e¡ect of oxidant
treatment was not reversed by ascorbate and DTE
present in the homogenization bu¡er. The stimu-
latory e¡ect of mastoparan was still measurable
with these membranes which might suggest that
the inhibition caused by external oxidants is im-
posed on the phospholipase rather than on a reg-
ulatory G-protein.
4. Conclusions
Summarizing, it appears that the plasma mem-
brane of cultured cells of E. californica contains an
active phospholipase A. At present our data do not
allow to di¡erentiate between PLA1 and PLA2 activ-
ities. In analogy to other plants where only PLA2 but
not PLA1 was regularly detected and has been found
to be implicated in signal transduction processes [34]
the existence of this enzyme in our Eschscholtzia cells
might be more likely and would be further consistent
with the cross reaction of a protein of the plasma
membrane fraction with an antibody raised against
a large NH2 terminal sequence of a human PLA2.
Several lines of evidence indicate that this enzyme
plays a role in the elicitor-triggered induction of al-
kaloid production.
In intact cells PLA activity is increased by elicitor
contact (or at least relieved from inhibition by low
dosages of aristolochic acid or ETYA) and decreased
by known inhibitors of animal phospholipases A.
One of these compounds, aristolochic acid, was
shown to inhibit at the same time the e¡ect of the
yeast elicitor on alkaloid production. The putative
products of PLA2 either show an elicitor-like activity
(lysophosphatidylcholine) or enhance the e¡ect of the
yeast elicitor (linolenic acid). An increase of phyto-
alexin production under the in£uence of PLA2 prod-
ucts has only rarely been observed so far [42].
The PLA activity measured in plasma membrane
vesicles is not only inhibited by typical inhibitors of
PLA2 but also stimulated by mastoparan which
raises the question as to whether the measured phos-
pholipase activity is controlled by heterotrimeric G-
proteins. Although not a ¢nal proof, the stimulation
of the PLA activity by anti-G antibodies that detect
proteins of the expected size in the plasma membrane
clearly supports the idea of G-protein controlled
PLA2 in the cell membrane of Eschscholtzia.
The indications of a redox-dependent control of
PLA2 activity at the cellular surface as they were
found in the present study might introduce a novel
aspect into the actual concepts of elicitor-triggered
signal transduction in plant cells. The reversible in-
activation of the elicitor-dependent triggering of al-
kaloid biosynthesis is paralleled by a reversible inac-
tivation of PLA2. This is not only a further hint of
the involvement of PLA in the elicitation process but
also opens the possibility that phospholipase A,
which is very likely implicated in various signalling
processes of the plant cell [34] might be a point of
interference of signal transduction and redox control
at the plasma membrane. The fact that both inacti-
vation by arti¢cial electron acceptors and subsequent
recovery are no fast processes but require at least 30
min to occur as well as the inability of externally
added reducing agents to force a rapid reactivation
of the enzyme implies that the depletion of intracel-
lular electron donors rather than the oxidation of a
surface component is responsible for the observed
e¡ects. There is of course a broad scope for experi-
ments aimed at characterizing the putative interac-
tion of elicitor receptor, G-protein and PLA2 as
well as the nature of the redox control of this en-
zyme; some of them are under way in our labora-
tory.
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